Background: Heavy exercise induces marked immunodepression that is multifactorial in origin. Nutrition can modulate normal immune function. Objective: To assess the efficacy of nutritional supplements in exercise-induced immunodepression in athletes. Design: Systematic review. Review methods: Randomised and/or controlled trials of athletes undertaking nutritional supplements to minimise the immunodepression after exercise were retrieved. The primary outcome measure was incidence of upper respiratory tract (URT) illness symptoms after exercise, and secondary outcomes included cortisol, cell counts, plasma cytokine concentration, cell proliferative response, oxidative burst, natural killer cell activity and immunoglobulins. When data were available for a pooled estimate of the effect of intervention, meta-analyses were conducted for direct comparisons. Results: Forty-five studies were included (1603 subjects). The studies were heterogeneous in terms of exercise interventions, selection of athletes, settings and outcomes. The overall methodological quality of most of the trials was poor. Twenty studies addressed carbohydrate supplementation, eight glutamine, 13 vitamin C and four others interventions. Three trials assessed the effect of intervention on prevention of URT infections. The pooled rate ratio for URT infections after vitamin C supplementation against placebo was 0.49 (0.34-0.71). Carbohydrate supplementation attenuated the increase in cortisol and neutrophils after exercise; vitamin C attenuated the decrease in lymphocytes after exercise. No other interventions had significant or consistent effect on any of the studied outcomes. Conclusions: Although the prevention of URT infections by vitamin C was supported by two trials, further studies are needed. The available evidence failed to support a role for other nutritional supplements in preventing exercise-induced immune suppression. Larger trials with clinically relevant and uniform end points are necessary to clarify the role of these nutritional interventions.
Background
In contrast to moderate or intermittent physical activity, prolonged and intensive exertion causes numerous changes in immunity that reflect physiological stress and suppression. Athletes undertaking regular strenuous exercise are at increased risk of upper respiratory tract (URT) infection during periods of heavy exercise and for 2 weeks following race events (Peters and Bateman, 1983; Peters, 1990) . It has been suggested that the relationship between exercise and URT infections follows a 'J' curve, with moderate and regular exercise improving the ability to resist infections (Nieman et al., 1993 (Nieman et al., , 1998b and heavy acute or chronic exercise decreasing it (Nieman et al., 1990; Nieman, 1994; Castell et al., 1996) . The evidence has shown that prolonged periods of intense training may lead to high numbers of neutrophil and low numbers of lymphocytes in blood counts (Nieman et al., 1995 (Nieman et al., , 1998a Pedersen et al., 1997) , impaired phagocytosis (Nieman et al., 1997a) and neutrophilic function (Nieman et al., 2000a) , decreased oxidative burst activity (Nieman et al., 1997a) , natural killer cell cytolytic activity (NKCA) (Shinkai et al., 1993; Nieman, 1997) and mucosal immunoglobulin levels (Nieman et al., 2002a) . Intense training or endurance exercise may also enhance release of pro-inflammatory cytokines such as tumour necrosis factor alfa (TNF-alfa), interleukin-1b (IL-1b) and interleukin-6 (IL-6), followed closely by anti-inflammatory cytokines, such as interleukin-10 (IL-10) and interleukin-1 receptor antagonist (IL-1ra) (Castell et al., 1997; Nieman et al., 2001) .
The research on the relationship between nutrition and sport has been focused mainly on the role of dietary nutrients as ergogenic aids. The concept of 'immunonutrition' (Grimble, 2001 ) and more recently the concept of 'functional foods' (Contor, 2001) refers to the ability of certain nutrients to modulate immune status if they are provided in sufficient amounts, in general far more often in excess of the usual nutritional requirements. Because many nutrients are involved in energy metabolism and protein synthesis, they can modulate immune cell activity and function. Potential mechanisms of action include the ability of the cells to proliferate and differentiate, the production of proteins with specific functions, including chemokines, cytokines or antibodies, phagocytic activity, immune cell mediated immunity and complement formation and activity.
Non-systematic review articles on the efficacy of nutritional interventions in modulating exercise-induced immunodepression recommend that athletes eat a balanced diet that meets their energy requirements and ensures adequate intake of protein and micronutrients (Gleeson et al., 2001 (Gleeson et al., , 2004 . Besides the consumption of carbohydrates before and during exercise, no clear benefit from any nutritional intervention has appeared in the literature. We are not aware of any systematic reviews relating nutritional interventions in athletes to exercise-induced immune deppression.
Objectives
The focus of this review is the effects of nutritional supplements on exercise-induced immunological changes in competitive athletes.
Methods
Randomised controlled trials were identified by searching the following data sources: SPORTDiscus (1975 (1966 ( to May 2005 and reference lists. The first two levels of the optimal search strategy (Robinson and Dickersin, 2002) were combined with the following subject-specific search terms: 'exercise', 'immune', 'nutrition', 'athletes', 'glutamine', 'carbohydrate', 'vitamin', 'probiotic', 'protein'. Further details of the search strategy are given in Appendix A. The reference lists of all primary studies were reviewed to identify trials not retrieved by the electronic and manual searches. All of the titles and abstracts that were identified by the search and that appeared relevant were selected for a full text review. No restrictions for language were imposed. One hundred and thirty-one publications were identified as potentially relevant. Two investigators (AM, JF) applied the inclusion criteria independently, and where disagreements occurred, they were resolved by consensus. The full text of each paper was obtained. All studies that appeared initially to meet the inclusion criteria, but on closer examination failed to, are detailed in the table of excluded studies (Table 1) . From these, 45 were suitable for inclusion (Tables 2-5 ).
Studies
Both controlled and randomised clinical trials involving at least one test treatment and one control treatment, concurrent enrolment, follow-up of both the test-treated and the control-treated groups, and in which the intervention was selected by a random process.
Quality assessment of included studies and data extraction
Two reviewers assessed the trials for inclusion by looking at the Methods section of each paper while remaining unaware of the study's results, conclusion and authors. Furthermore, each reviewer independently applied written inclusion criteria to the Methods section of each study to determine the adequacy of subject randomisation, blinding, baseline comparability, outcome measures and the handling of withdrawals/dropouts.
The methodological quality of the included trials was assessed with particular emphasis on allocation concealment and randomisation, which was ranked using the Cochrane Collaboration approach. This led to each trial being attributed a quality score out of a maximum of 17 points (see Appendix B) . Trial data were extracted by one reviewer and checked by another. We asked six researchers to provide additional information on trial methodology (method of randomisation) and results (usually requests for data not presented in the original reports).
Quantitative data synthesis
When data were available for a pooled estimate of the impact of intervention, it was intended that meta-analyses would be conducted for direct comparisons. Effect of interventions on the incidence of URT infections after exercise in athletes was summarised as rate ratios (relative risks) and pooled using the DerSimonian and Laird random-effects model. Effect measures are presented with 95% confidence intervals. We have presented weighted mean differences (WMD) and 95% confidence intervals for continuous outcomes for each randomised controlled trial and analysed them in relevant subgroups according to the specific nutritional intervention used. In order to determine whether combining the results was appropriate, a heterogeneity test (w 2 statistic) was performed. We used a fixed-effects model to estimate the pooled effect when no evidence of heterogeneity was detected (Whitehead and Whitehead, 1991) . However, if evidence of heterogeneity was found to be present, we used a random-effects model (DerSimonian and Laird, 1986) . Analysis and forest plots were produced using RevMan 4.2.5 software (2004). The final manuscript was reviewed by the members of Ga 2 len involved in the 'Sports, Allergy and Asthma' Work Package.
Results

Selection of trials
We included 45 studies, comprising six distinct intervention arms (namely, with carbohydrates, vitamins or antioxidants, glutamine or branched-chain amino acids, plant sterols, polyunsaturated fatty acids and bovine colostrum) that include a total of 1603 subjects (1049 in intervention groups, 544 in placebo groups plus 10 in a crossover design) from four sports activity categories: swimmers, runners, cyclists and football players. A flow chart of studies assessed and excluded at various stages of the review is provided in 
10 elite athletes; 2 trials separated for 2 weeks of 2 h of cycle ergometry at 75% of peak oxygen uptake Glutamine (3.5 g in 500 ml water) or placebo (3.5 g maltodextrin in 500 ml water) consumed at 60 min of exercise and then plus four times at 45 min intervals Cell counts , BMNC proliferative response to PHA, NK cell activity No effect Krzywkowski et al. (2001b) 11 athletes; 3 sessions separated for 2 weeks of 2 h of cycle ergometry at 75% of peak oxygen uptake Glutamine (3.5 g in 500 ml water), glutamine-rich protein (13.7 g protein from sodium caseinate containing 1.23 g glutamine in 375 ml water) or placebo (3.5 g maltodextrin in 500 ml water). Placebo and glutamine beverages supplementation consumed at 60 min of exercise and then at 45 min intervals; the protein beverage was consumed at onset of exercise and then at 1 h intervals 
8 highly trained males; 3 session separated for 2 weeks of 2 h of cycle ergometry at 75% of peak O 2 uptake Glutamine (3.5 g in 500 ml water), glutamine-rich protein (13.7 g protein from sodium caseinate containing 1.23 g glutamine in 375 ml water), or placebo (3.5 g maltodextrin in 500 ml water). Placebo and glutamine beverage supplementation consumed at 60 minutes of exercise and then at 45 min intervals; the protein beverage was consumed at onset of exercise and then at 1 h intervals Plasma IL-6, plasma glutamine Plasma IL-6 increased 11-fold in the placebo group, 14-fold in the glutaminerich protein and 18-fold in the glutamine group Glutamine and protein supplementation attenuate the glutamine decreased after exercise Abbreviations: BMNC-blood mononuclear cells; CHO, carbohydrate; ConA: concavalin A; IFN-gamma, interferon gamma; LAK: lymphokine-activated killer; NK-natural killer; PHA -phytohemagglutinin; TNF-alpha, tumor necrosis factor-alpha; URT-Upper-respiratory-tract.
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Nutrition and exercise-induced immunodepression A Moreira et al Nieman et al. (2004) 30 strength-trained subjects; lifting weights for 2 h (10 exercises, 4 sets each, 10 repetitions) 
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29; Comrades 90 km marathon 500 mg/day vit C vs 1500 mg/ day vit C vs placebo for 7 days before the race, on the day of the race, and for 2 days following completion
Cortisol, adrenaline, IL-10, IL1ra, TNF-alpha, IL-1beta, IL-6, IL-8
Serum cortisol significantly lower in the vit C1500 group than in combined P and vit C-500 group The increases in plasma IL-6, IL-10, IL-1ra, and IL-8 were attenuated in runners ingesting 1500 mg, but not 500 mg, vitamin C supplements Petersen et al. (2001) 20 male recreational runners; 5% downhill 90-min treadmill run at 75% VO 2 max Antioxidants (500 mg of vitamin C and 400 mg of vitamin E) for 14 days before and 7 days after exercise Plasma vitamins, creatine kinase, lymphocytes, NK cell, cytokines (IL-1ra, IL-6).
No effect Peters et al. (2001a) 29; 90 km Comrades Marathon 500 mg/day vit C vs 1500 mg/ day vit C vs placebo for 7 days before the race, on the day of the race, and for 2 days following completion
Cortisol, adrenaline, IL-10, IL-1Ra
Serum cortisol significantly lower in the VC-1500 group than in combined P and VC-500 group The increases in plasma IL-10, IL-1ra, and IL-8 were attenuated in runners ingesting 1500 mg, but not 500 mg, vitamin C supplements Peters et al. (2001b) 16; 90 km Comrades Marathon Vitamin C (2 Â 500 mg tablets daily) for 7 days before the race, on the day of the race, and for 2 days following completion.
Cortisol, cell counts, IL-6, TNFalpha, C-reactive protein Table 1 and Tables 2-5 , respectively.
Description of included studies
Overall, the quality of the reported trials was unsatisfactory. Using the Cochrane Collaboration approach for allocation concealment (2004), all included trials were allocated a grade D, indicating that this score has not been assigned by the authors. None reported intention-to-treat analyses or randomisation methods. Compliance with the intervention and reasons for failure to comply were seldom described. None of the studies referred to intention-to-report adverse events related to the intervention. The quality rating score gave a median of 7 out of 14 (min ¼ 5, max ¼ 11). In studies where subjects, method description and results were the same and exactly coincident, only one study was considered in the meta-analysis.
Upper respiratory tract infections
Three studies (Peters et al., 1993 (Peters et al., , 1996 Himmelstein et al., 1998) , including 219 marathon runners, addressed the incidence of URT infections. In the study of Himmelstein et al. (1998) , there were no significant differences in the incidence of URT infections after exercise when the subjects consumed 1000 mg vitamin C daily for 2 months before and 1 month after the marathon. In this study, reasons for withdrawals were described as well as adherence to the protocol. The evaluation of URT infection symptoms was made using a semiquantitative list of respiratory symptoms. Two other studies assessed the impact of vitamin C supplementation, either alone or combined with vitamin E or beta-carotene, on the URT infection symptoms for 14 days after the race (Peters et al., 1993 (Peters et al., , 1996 . In the study of Peters et al. (1993) , the intervention group consumed 600 mg of vitamin C for 21 days prior to the ultra-marathon, and the URT infections were assessed for 14 days after the race. In this study, the number of runners of the placebo group reporting development of URT infection symptoms after the race was 68%, which was significantly more than that reported by the vitamin C-supplemented group (33%). In the study of Peters et al. (1996) , athletes were supplemented with vitamin C alone (500 mg/day) or combined with vitamin E (400 UI/day) or beta-carotene (18 mg/day) during the 21 days before the race. Significantly more symptoms of URT infection in the placebo group were observed (40.4%) compared with vitamin C (15.9%) or combinations of vitamins C and E (25.5%) or vitamins C, E and beta-carotene (20.0%). Vitamin C alone was as effective as when combined with vitamin E or beta-carotene in preventing URT infection symptoms. When the data from the studies was pooled, the rate ratio for URT infections after vitamin C supplementation against placebo was 0.49 (0.34-0.71) (Figure 2 ). In two Nutrition and exercise-induced immunodepression A Moreira et al additional studies, symptoms of infections after glutamine or branched-chain amino acids supplementation were assessed (Castell et al., 1996; Bassit et al., 2002) . Questionnaire scores included infection symptoms other than respiratory, such as gastrointestinal complaints. Provision of glutamine or branched-chain amino acids containing drinks decreased the incidence of infection symptoms during the week that followed different types of exhaustive exercise (Castell et al., 1996; Bassit et al., 2002) compared to placebo.
Cortisol
In 24 of the included trials (Tables 2-5) (n ¼ 282), cortisol was one of the outcomes. CHO was the supplemented nutritional intervention in 15 of those trials. Cortisol data were only available in chart form, making data extraction for CHO intervention meta-analysis impossible in eight studies (Nehlsen-Cannarella et al., 1997; Nieman et al., 1997b Nieman et al., , 2001 Nieman et al., , 2003 Bishop et al., 2001b Bishop et al., , 2002 Bacurau et al., 2002; Lancaster et al., 2003) . In all but one (Lancaster et al., 2003) , the CHO intervention had a significant effect, decreasing post-exercise cortisol levels compared to placebo. Four of the eight trials included reported attenuated increase of cortisol after exercise for the treatment group (n ¼ 96) compared with controls (n ¼ 92) (Figure 3 ). Subjects included in these trials were runners or cyclists, in contrast to the back squatters or weight lifters (Koch et al., 2001; Chan et al., 2003; Nieman et al., 2004) or football players (Bishop et al., 1999) in the studies where the CHO intervention had no significant effect on cortisol. The study by Lancaster et al. (2003) , was the only one that examined the effect of CHO ingestion during the pre-exercise period on subsequent hormonal and immune responses to exercise. Statistical heterogeneity was excessive (I 2 ¼ 92.7%), and we were not able to identify a particular trial causing this excess variability. Pooling with such a high degree of heterogeneity is not advisable. However, had pooled data been used, the mean difference in serum cortisol after exercise between placebo and CHO intervention would have shown À44.90 ng ml À1 (95% CI: À78.12 to À11.68 ng ml À1 ) (Figure 3 ). Four studies (Nieman et al., 2000b (Nieman et al., , 2002b Peters et al., 2001a, b) , all including ultramarathon runners, addressed the effect of vitamin C supplementation on cortisol. Two studies (Nieman et al., 2000b; Peters et al., 2001a) referred to the same subjects and Figure 1 Systematic review flow chart summary.
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European Journal of Clinical Nutrition only one was included. In the study of Peters et al. (2001a) , vitamin C had a significant effect on cortisol in ultramarathon runners when ingested in a dose greater than or equal to 1000 mg/day for 7 days before race and 2 days after. In the study of Nieman et al. (2002b) , 1500 mg of vitamin C daily for the 7 days preceding the race had no effect on cortisol. Figure 3 Effectiveness of nutritional interventions compared with placebo on serum cortisol levels after exercise. Data are presented as weighted mean differences for each study (boxes), 95% CIs (horizontal lines) and summary weighted mean differences with 95% CI (diamonds).
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The WMD on serum cortisol for vitamin C intervention against placebo was À122.36 ng ml À1 (95% CI À611.11 to À366.38 ng ml À1 ) (Figure 3 ).
In two additional interventions, a mixture of plant sterols and sterolins attenuated the cortisol increase (Bouic et al., 1999) and a 1.2% glutamine drink had no effect compared with placebo (Walsh et al., 2000) in runners. An inhibitory effect of combined vitamin C and vitamin E supplementation (for 4 weeks) on plasma IL-6 and cortisol responses to prolonged exercise has been reported, although in physically active non-athletes (Fischer et al., 2004) . Acute supplementation with zinc and vitamin E did not have an effect on the cortisol response to exercise in eumenorrheic runners (Singh et al., 1999) .
Cell counts
When cell counts after exercise were available, those most immediately following exercise were chosen. Twenty-six trials were retrieved. Three (Nehlsen-Cannarella et al., 1997; Nieman et al., 1997c; Henson et al., 1998) were not included in the analysis because they referred to the same subjects as others (Nieman et al., 1997a; Scharhag et al., 2002) . In another three studies (Bishop et al., 2002 (Bishop et al., , 2003 Robson et al., 2003) data were only available in chart form, making data extraction impossible. Eighteen trials (Figures 4 and 5) (225 active plus 209 controls) reported counts of lymphocytes or neutrophils in a way that allowed data extraction. Glutamine supplementation had no significant effect on lymphocyte or neutrophil counts, while CHO had a mild effect on attenuation of the increase of neutrophils after exercise (WMD ¼ À1.45; 95% CI À2.35 to À0.54) (Figure  4 and 5) but no effect on lymphocytes (WMD ¼ À0.21; 95% CI À0.44 to 0.01). Although vitamin C significantly increased lymphocyte counts after exercise (WMD ¼ 0.30; 95% CI 0.00-0.61), it did not have an effect on neutrophils ( Figure 5 ) (WMD ¼ 0.05; 95% CI À1.09 to 1.19) compared to placebo.
Plasma cytokines
In twenty-three of the included studies (Tables 2-5), cytokines or chemokines was one of the outcomes. There was no tendency towards a predominant effect on the part of Figure 4 Effectiveness of nutritional interventions compared with placebo on lymphocytes counts (10 9 l À1 ) after exercise. Data are presented as weighted mean differences for each study (boxes), 95% CIs (horizontal lines) and summary weighted mean differences with 95% CI (diamonds).
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A Moreira et al 453 any nutritional supplement. Carbohydrate intake before or during exercise had a major effect in attenuating increases in IL-6, IL-10, IL-2, IL-8 or IL-1ra in six studies (NehlsenCannarella et al., 1997; Nieman et al., 2001 Nieman et al., , 2003 Starkie et al., 2001; Bacurau et al., 2002; Bishop et al., 2002) but failed to show any significant effect in nine studies (Henson et al., 1999; Starkie et al., 2000; Petersen et al., 2001; Nieman et al., 2001 Nieman et al., , 2003 Nieman et al., , 2004 Bishop et al., 2002; Lancaster et al., 2003; Chan et al., 2003) . Vitamin C intake had inconsistent effects on plasma increases of IL-6, IL-10, IL-1ra and IL-8. Doses of 1500 mg of vitamin C daily were reported to attenuate the increase in these cytokines after exercise (Nieman et al., 2000b; Peters et al., 2001a) or have no effect (Nieman et al., 2002b) at lower doses of 1000 or 500 mg daily (Nieman et al., 1997b; Peters et al., 2001b) . Of the two studies where glutamine was given as a supplement, one study showed glutamine to augment the increase of plasma IL-6 (Hiscock et al., 2003) after exercise, while the other (Castell et al., 1997) did not. Polyunsaturated fatty acids had no effect on plasma TNF-alfa, IL-6, TGF-beta and IL-1ra (Toft et al., 2000) . The plant sterols and sterolins B-sitosterol (BSS) and B-sitosterol glucoside (BSSG) mixture attenuated the increase of IL-6 after exercise (Bouic et al., 1999) .
NK cell cytolytic activity, neutrophil oxidative burst, phagocytosis and salivary immunoglobulin A (IgA)
Five studies (Nieman et al., 1997b, c; Rohde et al., 1998; Henson et al., 1999; Krzywkowski et al., 2001a ) assessed NKCA, expressing it in lytic units or adjusting for NK cell counts. NKCA was affected by the intervention in one study (Henson et al., 1999) , where triathletes consumed a 6% CHO beverage. The interventions in the other four studies had no effect on NKCA. Two trials showed increased neutrophil oxidative burst activity after a 3-week supplementation period with multivitamin-minerals, including beta-carotene and vitamins C and E (Scharhag et al., 2002) and a 12% CHO beverage (Robson et al., 2003) , but this was not observed in the other four studies where vitamin C (Nieman et al., 1997b; Krause et al., 2001) , glutamine (Walsh et al., 2000) or CHO (Nieman et al., 1997a) ) after exercise. Data are presented as weighted mean differences for each study (boxes), 95% CIs (horizontal lines) and summary weighted mean differences with 95% CI (diamonds).
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A Moreira et al stimulated neutrophil elastase release was investigated in five trials (Bishop et al., 1999 (Bishop et al., , 2001b (Bishop et al., , 2002 (Bishop et al., , 2003 Walsh et al., 2000) , but only in one (Bishop et al., 2002) , in which CHO was ingested before and during the exercise, was there an attenuation of the decrease in the elastase release per neutrophil. From the seven trials (Nehlsen-Cannarella et al., 1997; Henson et al., 1998 Henson et al., , 1999 Rohde et al., 1998; Koch et al., 2001; Krzywkowski et al., 2001a) that assessed the lymphocyte proliferative response, only one (Koch et al., 2001) found a less depressed proliferative response when CHO was used. None of the interventions had any effect on salivary IgA in the five trials in which IgA was one of the outcomes (Mero, 1997; Bishop et al., 1999; Krzywkowski et al., 2001b; Nieman et al., 2003; Palmer et al., 2003) .
Reviewers' conclusions
Limitations of the studies The methodological quality of most of the included trials was poor. The low median score for the quality rating is not surprising considering that the two major classified items, randomisation and blinding, were not reported. Low-quality trials, particularly those not reporting allocation concealment and those not reporting blinding, are known to favour interventions (Moher et al., 1998; Sterne et al., 2001) . The highest scores found were the result of summing individual items. The use of such scores, however, could be arguable (Juni et al., 1999) , reflecting the difficulties in determining fair quality rates. Evaluating the suppression of one immunological parameter at a time runs the risk of disregarding changes in host resistance as a whole. This reductionist approach, taken in most of the studies conducted, fails to bring to light the impact of the interventions on overall host resistance. A decreased NKCA function does not necessarily mean an increased susceptibility to infection if, for instance, it is counterbalanced by an increased number of neutrophils (Keil et al., 2001) . A validated mathematical model (Keil et al., 1999) should be used to estimate and predict the relationship between multiple immunological parameters and host resistance. In addition, clinical end points, such as incidence of infections, should be used.
Discussion
Glutamine The plasma concentration of the 'conditionally essential' amino acid glutamine, the most abundant in the human body, is lowered by stress or strenuous physical activity. This is most likely due to increased cellular needs that exceed the supply available from diet or muscle. The plasma glutamine response to exercise is biphasic. It is characterised by an increased concentration during short-term exercise, followed by a decrease after more prolonged exercise (Rennie et al., 1981; Castell and Newsholme, 1998) . This and knowledge about glutamine effects on in vitro immunity responses led to the 'glutamine hypothesis' as one explanation of immunodepression after exercise (Newsholme and Parry-Billings, 1990) . It has been postulated that restoring glutamine levels after prolonged exercise to physiological levels may help the immune system to resist infections. Although oral provision of glutamine, or branched chain amino acids as a glutamine precursor, abolishes the post-exercise plasma glutamine decrease, it has no consistent effect on lymphocyte or neutrophil counts (Rohde et al., 1998; Walsh et al., 2000; Peters et al., 2001a; Krzywkowski et al., 2001a) , salivary IgA (Krzywkowski et al., 2001b) , oxidative burst activity (Walsh et al., 2000) , NKCA (Rohde et al., 1998; Walsh et al., 2000) or plasma IL-6 (Castell et al., 1997; Hiscock et al., 2003) after exercise. Although it was suggested that glutamine could enhance Th1-type immune response in swimmers submitted to 4 weeks of intensive training, there was no significant difference in glutamine levels between athletes who developed URT infection and those who did not (Mackinnon and Hooper, 1996) . In two studies (Castell et al., 1996; Bassit et al., 2002) , infection symptoms after prolonged strenuous exercise in athletes supplemented with glutamine was significantly lower than in the placebo group. The study of Castell et al. (1996) included data from eight separate studies. Both studies included symptoms questionnaires assessing not only URT symptoms but also others such as vomiting or diarrhoea. The available data do not provide evidence to support the glutamine hypothesis.
Carbohydrate
It has been speculated that athletes exercising in a low CHO status are placing themselves at an increased risk of exerciseinduced immunodepression. Cells of the immune system have high metabolic rates and CHO availability can theoretically influence the immune response to exercise and the ability to maintain immunocompetence. Subjects performing exercise on diets for several days with less than 10% of energy intake from CHO have larger stress hormone (cortisol, adrenaline) and plasma cytokine (IL1ra, IL6, IL10) responses than those on normal or high CHO diets (Mitchell et al., 1998; Bishop et al., 2001c) . There are no trials addressing the efficacy of CHO supplementation on preventing URT infections. Attenuation of serum cortisol increases, both in runners and cyclists (Nieman et al., 1997c Bishop et al., 1999 Bishop et al., , 2003 Koch et al., 2001; Bacurau et al., 2002; McAnulty et al., 2003; Chan et al., 2003) does take place after supplementation (about 1 l/h of a 6% carbohydrate beverage), but whether this reduces URT infections remains to be proven. There is no evidence supporting effects of CHO supplementation on lymphocyte counts, cytokines or salivary IgA after exercise (Table 3 , Figures 4 and 5 ).
Antioxidants and vitamins
Exercise can produce an imbalance between the free radicals and reactive oxygen species (ROS) produced and the antioxidant defence system. The antioxidant defence mechanism prevents the generation of ROS or intercepts any that is formed. The dose-response between vitamin intake and immune stimulatory effect is not linear. In fact, megadoses of vitamins may even impair immune function in athletes (Prasad, 1980) . Although the cellular antioxidant mechanism adapts efficiently to acute and chronic exercise (Mena et al., 1991) , extreme physical exercise causes oxidative damage to athletes, which is reflected by increases in plasma levels of malondialdehyde (Marzatico et al., 1997) , urine 8-hydroxideoxyguanosine (Radak et al., 2000) and erythrocyte catalase activity (Tauler et al., 1999) , which could relate to exercise-induced immunodepression. Vitamin C supplementation augmented the increase in lymphocyte counts after exercise (Petersen et al., 2001; Peters et al., 2001b) , attenuated the serum cortisol increase in ultramarathon runners (Peters et al., 2001a, b; Nieman et al., 2002b) and attenuated the increases in inflammatory cytokines (Nieman et al., 1997b (Nieman et al., , 2000b Peters et al., 2001a, b) , when ingested in doses greater than or equal to 1000 mg/day, but not on 500 mg/day. However, the risks of vitamin C excessive intake may outweigh any potential benefits, and none of the trials assessed adverse events. High-dose vitamin C intake can cause DNA damage, suggesting a possible link to increased cancer susceptibility (Gerster, 1999) . Vitamin C intake in excess of 1000 mg/day has been associated with kidney oxalate stone formation (Baxmann et al., 2003) , impaired absorption of copper and excessive absorption of iron (Gerster, 1999) . The phagocytic ability of neutrophils is one of the most important host defences against infections. Its antimicrobial mechanisms are activated when neutrophils undergo the oxidative burst and produce more ROS. The natural antioxidant systems that protect neutrophils could be depleted after intensive exercise, and the oxidative burst cannot then be carried out in an effective way. The supplementation with vitamin C or beta-carotene plus vitamin C and E failed, however, to show consistent results in improving oxidative burst activity (Nieman et al., 1997b; Krause et al., 2001; Robson et al., 2003) .
Other interventions
Interventions where only one trial was available included n-3 polyunsaturated fatty acids (Toft et al., 2000) (no effects), a plant sterols mixture (Bouic et al., 1999) (which decreased IL-6 and cortisol and attenuated both the increase in neutrophil and the decrease in lymphocyte counts) and bovine colostrum (Mero, 1997 ) (no effect). If the excluded papers were considered for the analysis, the reported results would not be different for the CHO interventions.
Limitations and strengths of the review
In common with all meta-analyses, this systematic review may have included studies in which the interventions and characteristics of the human subjects were too dissimilar for comparison, resulting in questionable conclusions on the supplementation used. The athletes included were from different sports and exercised in different environmental and stress conditions (e.g. during winter or summer); this makes any generalisations open to question. Another problem was the wide range of reported outcome measures. Exerciseinduced immunodepression is multifactorial, depending on mechanisms related to neuro-immune-endocrine systems. We tried to compose clinically useful and comparable outcome categories from the trials. Measurements for the number of neutrophils or lymphocytes and NKCA in the blood does not, however, reflect the performance of the immune system as a whole. The immune system has many overlapping components, sometimes with shared redundant functions. Although the change of one or more immune functions may affect the host ability to resist infections, it is not possible to predict the overall effects of small to moderate changes in immune parameters on host resistance. The most useful outcome from a clinical point of view, the incidence of URT infections, was only used in two of the included studies. In these, diagnosis was based on URT symptoms assessed by questionnaire or telephone interview.
The present study has important strengths. Because of a comprehensive search strategy, omission of important trials seems unlikely. To increase reliability we used two independent reviewers for study selection. We provided both a comprehensive summary of controlled trials and a quantitative estimate of the relative importance of specific nutritional countermeasures, such as CHO, glutamine and vitamins, with respect to specific immune parameters.
Implications for practice and future research
Besides improving methodological issues, such as randomisation procedures, allocation concealment, selection of athletes, and reporting of adverse events, future studies should make an effort to consider the immune system as a whole (Gleeson, 2005) . Trials should also refer to the exercise training strategy as exercise itself is an important immunomodulator (Espersen et al., 1996) . Questions to be addressed include: (i) Are the athletes who show more 'immunodepression' more prone to URT infections during the weeks following exercise? (ii) Which are the relevant outcomes to assess exercise-induced immunodepression? (iii) Is a decrease in nonspecific immunity after intense exercise a normal protective response, with mild immunodepression being an attempt to limit inflammation? (iv) When should this be considered pathological?
Although the prevention of URT infections by vitamin C was supported by two trials, further studies are needed to provide unequivocal proof of effect. Consumption of carbohydrate beverages during exercise appears to attenuate some of the immunodepressive effects of prolonged exercise, but confirmation of any clinical significance in this awaits further all eligible athletes with number of, and reason for, exclusions given (1); attempt to do so, but reasons for failure and exclusion not given (0.5); selected athletes/eligible athletes not described (0); homogeneity of type-of-sports practiced: yes (1); no (0.5); not given (0). 2 ¼ Athletes characteristics at baseline: Similar distribution between groups reported (0.5), not reported/not applicable (0); basal oxygen consumption reported (0.5), not reported (0). 3 ¼ Randomisation: concealed randomisation (computer, centralised, etc.) (2); potentially manipulable (sealed envelope, date of admission, medical records, birth date, etc.) (1); [can't tell/unknown/unclear] (0). 4 ¼ Blinding: double blinded (research team/athletes) (2); single blinded (1); unblinded/can't tell (0). 5 ¼ Intentionto treat analysis: reported (1), not reported (0); 6 ¼ Allocation concealment: adequate (2), unclear (1), inadequate (0.5), allocation concealment was not used (0). 7 ¼ Intervention: nutritional supplement described explicitly -yes (0.5), no (0); dosing regimen (dose, frequency) reported (0.5), not reported (0); duration of treatment reported (0.5), not reported (0); placebo reported (0.5), not reported (0); dietary intake control done (1), not done (0.5) not reported (0). 8 ¼ Explicit description of type of exercise performed: yes (0.5), no (0); exercise regimen (amount, frequency) reported (0.5), not reported (0); duration of exercise reported (0.5), not reported (0). 9 ¼ Withdrawal: described number and reason for withdrawal (1); described one of above (0.5); described neither (0). 10 ¼ Adherence to protocol: reported (0.5), not reported (0). 11 ¼ Infections after exercise: reported: yes (0.5), no (0); direct medical examination (1), indirect questionnaire/interview (0.5), not done/ not applicable (0).
